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The tensile properties and thermal expansion behaviors of continuous molybdenum ﬁber reinforced aluminum matrix composites
(Mof/Al) have been studied. The Mof/Al composites containing diﬀerent volume percents of Mo ﬁbers were processed by diﬀusion bond-
ing. The strengths of unidirectional Mof/Al composites were close to the rule-of-mixtures. The strengths of 0/90 dual-directional com-
posites increased with ﬁber content, while those of 45/135 composites remained relatively low. The coeﬃcients of thermal expansion
(CTEs) of the composites decreased as the ﬁber content increased, close to the values of Mo ﬁbers. With increasing temperature, the
CTEs of unidirectional composites increased, while those of dual-directional composites decreased due to large accumulated thermal
stresses. The CTEs of 45/135 composites were lower than those of 0/90 composites because of contraction eﬀect. At temperatures
above 250 C, the CTEs of the dual-directional composites gradually increased due to matrix yielding and interfacial decohesion.
 2005 Elsevier Ltd. All rights reserved.
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Since the 1960s, metal matrix composites (MMCs) of
high strength, high stiﬀness, low density, good elevated-
temperature stability, and good wear resistance have been
widely developed [1–3]. Among them, continuous ﬁber
reinforced MMCs combining the low coeﬃcients of ther-
mal expansion (CTEs) of the ﬁbrous reinforcements and
the high thermal conductivities of the metallic matrices
have attracted much attention for the application to aero-
space industry [3–8]. Especially, continuous metallic ﬁbers,
like molybdenum (Mo), stainless steel, and tungsten, etc.,
have the advantages of high strength, good ductility, large
ﬂexibility, and thus easiness to weave [3,9–13]. The most
successful and reliable process for the fabrication of contin-
uous metallic ﬁber reinforced MMCs is diﬀusion bonding
of alternative layers of wound ﬁbers and matrix metal foils0266-3538/$ - see front matter  2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.compscitech.2005.10.025
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E-mail address: shouyi@dragon.nchu.edu.tw (S.-Y. Chang).[3,10–13]. The process yields a higher fabrication rate, bet-
ter controllability, higher repeatability, and better product
quality than conventional powder metallurgy or melt-cast-
ing, and is thus also applied in this study to produce con-
tinuous Mo ﬁber reinforced aluminum (Al) matrix
composites.
After the fabrication and heat treatment processes of
MMCs, large residual thermal stresses are formed due to
the diﬀerences in the CTEs of ﬁbers and matrices [3,14–
16]. The residual stress, r0, can be generally estimated from
the Youngs modulus of the matrix, Em, the CTEs of the
matrix and the ﬁber, am and af, respectively, and the tem-
perature diﬀerence, DT, using the following equation
[3,14–16]:
r0 ¼ Emðam  afÞDT
1þ mm ; ð1Þ
where mm is the Poisson ratio of the matrix. The residual
stresses aﬀect the properties of MMCs, including the
mechanical strengths and strains, electrical and thermal
Fig. 1. Schematic illustration of the ﬁber-foil stacking in a dual-
directional Mof/Al composite and the directions of diﬀerent specimens
cut from the composite (L: longitudinal, T: transverse).
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behaviors [3,6,14–17]. For the applications of MMCs to
aerospace and electronic packaging industries, the thermal
expansion behaviors of the MMCs are an essentially
important subject and need to be clariﬁed. Especially, Al
matrix composites reinforced by continuous Mo ﬁbers
(Mof/Al) are expected to possess a high strength, low den-
sity, and low thermal expansion coeﬃcient, and thus have a
high potential for the application to aircraft industry [3].
Therefore, this work reported herein focuses on the inves-
tigation of the thermal expansion behaviors of Mof/Al
composites, accompanied with the studies on the micro-
structure characterization and mechanical properties of
the composites.
Among the studies of the thermal expansion behaviors
of MMCs, those on unidirectional ﬁber reinforced MMCs
have been more intensively performed [3,14–20], while few
regarding dual-directional ﬁber strengthened MMCs have
been reported [3,6,15,16]. However, isotropic thermal
properties of the MMCs to be obtained by the addition
of dual-directional ﬁbers are rather necessary for the
applications of the MMCs. More complicated thermal
expansion behaviors of the MMCs reinforced by dual-
directional ﬁbers attributed to the complex deformation
constraints from diﬀerent directions need to be clariﬁed.
Therefore in this study, the thermal expansion behaviors
of Al matrix composites reinforced by dual-directional
Mo ﬁbers are also emphasized.
2. Experimental procedures
Pure Al foils (AA 1100) of 100 lm thick and Mo ﬁbers
with a diameter of 150 lm were selected as the raw materi-
als to produce Mof/Al composites. The Al foils were ﬁrstly
placed on a framework of an automatic winding machine,
and the Mo ﬁbers were then wound on the Al foils. The
spacing between the ﬁbers was controlled by the rotation
speed of the framework and the movement of the ﬁbers.
Alternate layers of the properly spaced Mo ﬁbers and Al
foils were stacked and then diﬀusion bonded at 500 C,
100 MPa in a vacuum of 102 Torr for 10 min to obtain
the Mof/Al composites. The volume percentages of the
Mo ﬁbers in the composites were adjusted by changing
the spacing of the Mo ﬁbers and the number of Al foils
between each stacking layer of ﬁbers. For unidirectional
Mof/Al composites, the winding direction of Mo ﬁbers
was ﬁxed the same; while for dual-directional Mof/Al com-
posites, the winding direction was changed for 90 between
each layer of the ﬁbers. The microstructures of the Mof/Al
composites were examined using an optical microscope
(OM) and a scanning electron microscope (SEM, JEOL
JSM-5410). The chemical compositions of the composites
at the interface between Mo ﬁbers and Al matrix were ana-
lyzed by an electron probe X-ray microanalyzer (EPMA,
JEOL JXA-8800M).
For the measurements of the tensile properties and ther-
mal expansion behaviors of both unidirectional and dual-directional Mof/Al composites, specimens of diﬀerent
directions (0/90 parallel or perpendicular to ﬁbers and
45/135 oblique to ﬁbers, as schematically deﬁned in
Fig. 1) were cut from the diﬀusion-bonded composites.
The longitudinal direction (L) was deﬁned as along the
long axis of the specimens and the transverse direction
(T) along the short axis. Tensile tests of the Mof/Al com-
posites were conducted using an Instron testing machine.
Before tests, the composite specimens were machined to a
gauge size of 3 mm in width, 1 mm in thickness, and
25 mm in length, and their surfaces were polished to 600
mesh. The fracture surfaces of the composites after tensile
tests were observed by SEM. For investigating the thermal
expansion behaviors, the Mof/Al composite specimens
were cut and polished to a size of about 10 · 5 mm2. Seiko
SS/5200 Thermal Analysis-320 TMA was used to measure
the thermal expansions of the specimens from room tem-
perature to 550 C at a heating rate of 10 C/min for three
thermal cycles. During measurements, a small load of 10 g
was applied onto the specimens, and the sample chamber
was purged with nitrogen. The CTEs of the composites
were calculated by diﬀerentiating the measured thermal
expansions of the specimens. For comparison, the tensile
properties and thermal expansion behaviors of the raw
materials, i.e., as-received Mo ﬁbers and the Al plates that
were obtained by stacking and hot pressing several 1100 Al
foils under the same diﬀusion bonding conditions, were
also measured.
3. Results and discussion
3.1. Microstructure and interface characterizations of Mof/
Al composites
Fig. 2 shows the microstructures of dual-directional
Mof/Al composites reinforced with diﬀerent contents of
Mo ﬁbers. Good interface joining between the Mo ﬁbers
and the Al foils and between two Al foils was successfully
achieved by diﬀusion bonding without the existence of any
pores or seams caused by insuﬃcient ﬂow of the Al matrix.
Similar performance was also obtained for the Mof/Al
composites reinforced by unidirectional ﬁbers (pictures
Fig. 2. Microstructures of dual-directional Mof/Al composites reinforced with diﬀerent contents of Mo ﬁbers: (a) 5 vol%, (b) 25 vol%, and (c) 45 vol%; (d)
necking and fracture of Mo ﬁber.
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Mo ﬁbers was not as uniform as expected, attributed to the
local bending of the as-received Mo ﬁbers and the move-
ment of some Mo ﬁbers caused by the ﬂow of Al matrix
during hot pressing. Furthermore, in some composites con-
taining low volume percentages of Mo ﬁbers (5 and
15 vol%), ﬁber necking and even fracture were found dur-
ing hot pressing as shown in Fig. 2(d). The plastic ﬂow
of the Al foils under the compressive stresses of hot pres-
suring induced large shear stresses acting on the ﬁbers espe-
cially in the composites with low ﬁber contents and much
easily resulting in the necking and fracture of the ﬁbers.
For those ﬁbers around which other ﬁbers of perpendicular
direction located, the fracture of the ﬁbers occurred much
preferentially due to the extra compressive/shear stresses
coming from the perpendicular ﬁbers.
No obvious interface reaction between Mo ﬁbers and Al
matrix was found under present processing conditions of
Mof/Al composites as shown in Fig. 2. However, it was
expected from Mo/Al binary phase diagram that a severe
interface reaction between them would occur at tempera-
tures above 500 C for a longer time than one hour [21].
A porous and non-uniform interfacial reaction layer wouldthen detrimentally aﬀect the mechanical properties of the
composites [22]. Thus, the interface microstructures after
treatment under present processing temperature of
500 C and a high temperature of 625 C for 8 h were char-
acterized to realize the formation of any improper interface
reaction under the typical processing conditions around
500–600 C. Fig. 3(a) shows the microstructure of the
diﬀusion-bonded Mof/Al composite after heat treatment
at 625 C in air atmosphere for 8 h. An obvious but non-
uniform, discontinuous interfacial reaction layer was
formed due to the inhibition of Mo/Al reaction by some
localized oxide layers remaining on the surface of the as-
received Mo ﬁber. In comparison under the pressure of
diﬀusion bonding, 100 MPa, at 500 C in vacuum for the
same 8 h, a uniform interface reaction was obtained as
shown in Fig. 3(b). Because the residual oxide layers were
broken or removed from the surface of the Mo ﬁbers by
the ﬂow of Al matrix, a thorough contact was achieved
between the ﬁber and the matrix without any barriers.
Fig. 3(c), the EPMA line scanning of Mo element, indi-
cated three possible intermetallic compounds formed at
the interface, including Al8Mo3, Al5Mo, Al12Mo sequen-
tially away from the Mo ﬁber, as listed in Table 1.
Fig. 3. Microstructures of Mof/Al composites after (a) heat treatment at 625 C in air atmosphere for 8 h and (b) diﬀusion bonding at 100 MPa, 500 C
for 8 h, and (c) EPMA line scanning of Mo element.
Table 2
Tensile properties of Mo ﬁber, hot-pressed 1100 Al plate, and 15 vol%
unidirectional Mof/Al composite tested in longitudinal and transverse
directions
Specimen UTS (MPa) YS (MPa) Elongation (%)
Mo ﬁber 1000 826 10
1100 Al plate 78 44 29
Mof/Al (longitudinal) 182 146 19
Mof/Al (transverse) 35 34 1
Table 1
Mo and Al element contents and possible compounds at the interface of
Mof/Al composites after diﬀusion bonding at 100 MPa, 500 C for 8 h
measured by EPMA line scanning
Region Mo (at.%) Al (at.%) Possible compound
A 28.1 71.9 Al8Mo3
B 17.8 82.2 Al5Mo
C 7.3 92.7 Al12Mo
D 0 100 Al
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Table 2 listed the tensile properties of as-received Mo
ﬁber, hot-pressed 1100 Al plate, and 15 vol% unidirectional
Mof/Al composite tested in longitudinal and transverse
directions. The Mo ﬁber had a high yield strength (YS)
of about 820 MPa and an ultimate tensile strength (UTS)
of 1000 MPa, whereas the Al plate had very low strength
less than 100 MPa. However, both the Mo ﬁber and Al
plate exhibited very small strength deviations less than
2% and had large elongations of about 10% and 30%,
respectively. As shown in Fig. 4(a), ductile necking and
fracture of the Mo ﬁber was observed. On the surface of
the ﬁber, the trace of wire drawing remained, associated
with some fragments of Mo oxides which had formed dur-
ing ﬁber fabrication. The Mof/Al composite reinforced
with only 15 vol% unidirectional Mo ﬁbers exhibited a high
strength of 182 MPa in longitudinal direction, rather close
to the value simply predicted by the rule of mixtures
(ROM), because the strong strengthening eﬀect provided
by the continuous ﬁbers [3]. The composite also presented
a very high ductility of about 20% elongation. Fiber neck-
Fig. 4. SEM fractographies of (a) Mo ﬁber and 15 vol% unidirectional Mof/Al composites tested in (b) longitudinal and (c) transverse directions.
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face decohesion, were the main features of the fracture sur-
face of the composite tested in longitudinal direction.
However, the strength of 15 vol% unidirectional Mof/Al
composite in transverse direction was only about 35 MPa,
even lower than the strength of 1100 Al plate, implying a
weak interface between Mo ﬁbers and Al matrix. Lateral
cracks formed and rapidly propagated along the ﬁber/
matrix interface without the constraint of ﬁbers thus led
to the early fracture of the composite with a low strength
and small elongation of only 1%. As shown in Fig. 4(c),
interface decohesion between ﬁber/foil and between foil/
foil was obviously seen on the fracture surface of the com-
posite tested in transverse direction. Some oxide layers
existing on the surfaces of the Mo ﬁbers and Al foils, like
those shown in Fig. 4(a), might be the main reason for
the weak interface bonding. From the following equation
[23], the interfacial strength s between the ﬁber and the
matrix can be obtained as
s ¼ P
pd‘
; ð2Þ
where P is the maximum load applied onto the ﬁber,
17.7 N, and d is the diameter of the ﬁber, 150 lm. The aver-age pullout length of the ﬁber, ‘, was measured under a
scanning electron microscope as about 1.5 mm. The inter-
facial strength was then estimated as low as only about
25 MPa, well corresponding with the easy interface decohe-
sion shown in both Figs. 4(b) and (c).
Fig. 5(a) shows the tensile strengths of 0/90 dual-direc-
tional Mof/Al composites increased linearly with the con-
tent of Mo ﬁbers according to the strengthening eﬀect
provided by the ﬁbers. However as compared to the longi-
tudinal strength of 15 vol% unidirectional Mof/Al compos-
ite listed in Table 2, the strengthening eﬀect of the 0/90
dual-directional ﬁbers was lower due to the interface weak-
ening in 90 transverse direction. Simply by averaging the
strengths of the 15 vol% unidirectional Mof/Al composite
in longitudinal and transverse directions, the strength of
the 15 vol% 0/90 dual-directional composite was calcu-
lated as about 110 MPa, rather close to the value experi-
mentally measured, 115 MPa. All the measured strengths
of the dual-directional Mof/Al composites also exhibited
very small deviations, except that with the addition of
45 vol% ﬁbers due to the inﬂuent ﬂow of Al matrix around
the large amount of ﬁbers. Similar to the fractographies of
the unidirectional composites, the fracture surfaces of the
dual-directional composites shown in Fig. 6 were com-
Fig. 5. Yield strength (YS) and ultimate tensile strength (UTS) of (a) 0/90 and (b) 45/135 dual-directional Mof/Al composites reinforced with diﬀerent
contents of Mo ﬁbers.
Fig. 6. SEM fractographies of 0/90 dual-directional Mof/Al composites reinforced with diﬀerent contents of Mo ﬁbers: (a) 5 vol%, (b) 25 vol%, and (c)
45 vol%.
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ﬁbers) and interface decohesion (for 90 transverse ﬁbers).
However, the strengths of 45/135 dual-directional
Mof/Al composites shown in Fig. 5(b) remained relatively
low as compared to those of 0/90 composites. The yield
strengths of the composites slightly increased with increas-
ing ﬁber content, and the ultimate tensile strengths of the
composites only reached a maximum value of 147 MPawith the addition of 25 vol% Mo ﬁbers. Some of the
strengths were even lower than that of 1100 Al plate.
Similar to the unidirectional Mof/Al composite tested in
transverse direction, weak interfaces between the ﬁbers
and the matrix were responsible for the low strengths of
the 45/135 dual-directional Mof/Al composites. During
tensile tests, the maximum shear stresses acted on the spec-
imens in 45/135 directions, where the weak interfaces
L.-G. Chen et al. / Composites Science and Technology 66 (2006) 1793–1802 1799located, resulting in the easy interface decohesion and low
mechanical strengths. Thus, due to the largest amount of
interface existing in the 45 vol% Mof/Al composite, the
ultimate tensile strength of this composite dropped to only
109 MPa in spite of the strengthening eﬀect of the ﬁbers.
3.3. Thermal expansion behaviors of unidirectional Mof/Al
composites
The thermal expansion behaviors of composites simulta-
neously change with temperature because of thermal
stresses induced mutual constraints from reinforcements
and matrices due to the diﬀerences in the CTEs of the rein-
forcements and the matrices [15,16,24,25]. Fig. 7 shows the
CTE curves of Mo ﬁber, 1100 Al plate, and 45 vol% unidi-
rectional Mof/Al composite experimentally measured and
theoretically predicted in longitudinal and transverse direc-
tions from 100 to 550 C. As expected, the measured CTEs
of the Mo ﬁber, 1100 Al plate, and Mof/Al composite in
both longitudinal and transverse directions regularly
increased as the temperature increased, but however the
CTE values of the composite in these two directions were
very diﬀerent from each other. Under the constraint by
the continuous Mo ﬁbers of low CTEs, the CTEs of the
composite in the longitudinal direction were very small,
almost equal to the values of the ﬁber, whereas the compos-
ite freely expanded in the transverse direction without the
constraint of the ﬁbers and then exhibited relatively large
CTEs close to the values of the Al plate [16,24,25].
Without consideration of stress transfer at interfaces,
the CTEs of ﬁbrous reinforced composites can be simply
predicted by the rule of mixtures, i.e., the upper limit sug-
gested by Schapery, as the following equation [24]:
aC ¼ afV f þ amV m ð3Þ
in which aC, af, and am are the CTEs of the composites, ﬁ-
bers, and matrices, respectively, and Vf and Vm are the vol-
ume fractions of the ﬁbers and matrices, respectively.
However for more precise predictions in real cases, the stress
interaction at the interfaces may not be neglected and theFig. 7. CTE curves of Mo ﬁber, 1100 Al plate, and 45 vol% unidirectional
Mof/1100Al composite experimentally measured and theoretically pre-
dicted by rule of mixtures (ROM, Eq. (3) [24]) and Schaperys theory (Sch.
(L), Eq. (4) and Sch. (T), Eq. (5) [25]) in longitudinal (L) and transverse
(T) directions.rule of mixtures is thus no longer valid. For ﬁbers with lower
CTEs, they will restrict the expansion of the matrix of larger
CTEs during heating, and the practical CTEs of the com-
posites will then deviate from the values expected by rule
of mixtures. Schapery gave more accurate predictions for
the CTEs of ﬁbrous reinforced composites in two directions
under the consideration of stress balance, associated with
the elastic moduli of the ﬁbers and matrices, Ef and Em,
respectively [25]. The CTEs of the composites in longitudi-
nal direction, aCL, and in transverse direction, aCT, are writ-
ten as the following equations, respectively:
aCL ¼ afEfV f þ amEmV mEfV f þ EmV m ; ð4Þ
aCT ¼ ð1þ mfÞafV f þ ð1þ mmÞamV m  aCLm; ð5Þ
where mf and mm denote the Poisson ratios of the ﬁbers and
the matrices, respectively, and m ¼ mfV f þ mmV m. Because
no constraint from continuous ﬁbers existed in the trans-
verse direction, the theoretic CTEs of the composites
mainly relate to the Poisson ratios and volume fractions
of the ﬁbers and the matrices.
However, the measured CTEs of 45 vol% unidirectional
Mof/Al composite in both longitudinal and transverse
directions were still diﬀerent from those theoretically pre-
dicted by Schaperys theory as plotted in Fig. 7. The CTEs
of the composite in transverse direction were higher than
the predicted values, whereas those in longitudinal direc-
tion were lower. This result was similar to the study on
the thermal expansion behavior of unidirectional graphite
ﬁber reinforced 6061 Al composite reported by Mitra
et al. [6]. During heating, tensile stresses acted on the Mo
ﬁbers of small CTEs, and in contrary compressive stresses
on the Al matrix of large CTEs along the longitudinal
direction, together eﬀectively constructing a stress balance
and mutual constraints, and theoretically achieving the
predicted CTEs. However under the high compressive
stresses, free deformation of the matrix was restricted in
the longitudinal direction, and thus the matrix would
expand additionally in the transverse direction converted
through Poisson ratio due to the low strength of the com-
posite and small constraints in this direction. The addi-
tional expansions of the matrix in the transverse direction
resulted in the high CTEs of the composite close to the
values of the Al matrix in this direction and then reduced
the tendency to expand in the longitudinal direction, lower-
ing the CTEs close to the values of the Mo ﬁbers. Further-
more, the deformation of the matrix released the
accumulated thermal stresses and accordingly achieved
the stably increased CTEs in both longitudinal and trans-
verse directions with increasing temperature.
3.4. Thermal expansion behaviors of dual-directional Mof/Al
composites
The thermal expansion behaviors of dual-directional
Mof/Al composites were much more complicated than
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release occurred in so-called ‘‘transverse’’ direction due to
more constraints coming from the ‘‘dual-directional’’
ﬁbers. Thus, the tremendous accumulation of thermal
stresses during heating spontaneously aﬀected the subse-
quent thermal expansion behaviors of the composites.
Fig. 8 shows the CTE curves of 0/90 and 45/135
dual-directional Mof/Al composites reinforced with diﬀer-
ent contents of Mo ﬁbers measured in longitudinal direc-
tion (along the long axis of specimen). The CTEs of these
composites generally decreased with increasing the volume
percentages of Mo ﬁbers because of a larger constraint
eﬀect provided by more ﬁbers of low CTEs as expected
by Schapery [24,25]. However, comparing with the CTEs
of the unidirectional composites, the CTEs of the dual-
directional composites did not stably increase with
temperature but varied for large ranges. The CTEs of the
dual-directional composites decreased to the lowest values
with increasing temperature to about 250–300 C where the
CTEs of the composites reinforced with more than 25 vol%
Mo ﬁbers even reached as low as the values of Mo ﬁbers.
After that, the CTEs regularly rose as the temperature
increased.
The variations in the CTE curves of composites under
the inﬂuences of residual and accumulated thermal stresses
have been reported [6,15,16]. At the temperatures around
100 C, the residual tensile stresses acting on the Al matrix,
which had been formed during cooling from the processing
temperatures of Mof/Al composites, were compensated by
the contrarily accumulated compressive stresses during
heating from room temperature to 100 C. Under complete
stress release, the CTEs of the dual-directional Mof/Al
composites then stabilized at representative values pre-
dicted by Schapery [24,25]. With continuously increasing
temperature, compressive stresses progressively accumu-
lated on the Al matrix and gradually suppressed the expan-
sions of the matrix. However unlike the unidirectional
composites, there was no longer stress release or additional
expansion of the matrix in the transverse direction of the
dual-directional composites because both longitudinal
and transverse directions of the composites were reinforcedFig. 8. CTE curves of (a) 0/90 and (b) 45/135 dual-directional Mof/Al co
longitudinal direction.by continuous Mo ﬁbers. Therefore, under eﬀect of large
accumulated compressive stresses acting on the matrix,
the CTEs of the composites decreased to very low values
with increasing temperature to about 250–300 C. With
more addition of the Mo ﬁbers, the lowest points appeared
at lower temperatures because more obvious stress accu-
mulation by more ﬁbers facilitated the lowest CTEs under
smaller temperature diﬀerences.
It was particularly found that the CTEs of 25 and
35 vol% 45/135 dual-directional Mof/Al composites
shown in Fig. 8(b) were much smaller than those of 0/
90 composites and even reached negative values at about
250–350 C. As shown in Fig. 5, the extremely low yield
strengths of the 45/135 Mof/Al composites relative to
the ultimate tensile strengths of the composites and to the
yield strengths of the 0/90 composites might be responsi-
ble for the abnormal ‘‘shrinkage’’ behaviors. During heat-
ing, the expansions of the 45/135 composites along ﬁbers
(0/90 directions) resulted in contraction stresses oblique
to ﬁbers (45/135 directions) due to Poisson eﬀect. The
large contraction stresses then caused the yielding of the
composites of low yield strengths in 45/135 directions
and completely restricted the expansions of the composites
in these directions, then even reaching negative CTEs mea-
sured. However for 45 vol% 45/135 dual-directional Mof/
Al composites, because the expansions of the composites in
0/90 directions were rather small, the contraction eﬀect
acting in 45/135 directions was not so obvious that the
CTEs of the composites were not as small as those of the
25 and 35 vol% composites.
With continuously increased temperature over 250–
300 C, contrarily, the CTEs of both 0/90 and 45/135
dual-directional Mof/Al composites shown in Fig. 8 gradu-
ally increased because the expansion constraints on the
matrix were relaxed through matrix yielding and interface
decohesion at high temperatures [15,16]. The increases in
the CTEs were more clearly presented in Fig. 9, the CTE
variations of 15 and 35 vol% 0/90 Mof/Al composites
measured in longitudinal direction during three thermal
cycles. The CTE curves of the 15 vol% Mof/Al composite
in the second and third cycles shown in Fig. 9(a) were evenmposites reinforced with diﬀerent contents of Mo ﬁbers and measured in
Fig. 9. CTE curves of (a) 15 vol% and (b) 35 vol% 0/90 dual-directional Mof/Al composites measured in longitudinal direction during three thermal
cycles.
Fig. 10. Microstructures of (a) 15 vol% and (b) 35 vol% 0/90 dual-directional Mof/Al composites after ﬁrst thermal cycle.
Fig. 11. CTE curves of 35 vol% (a) 0/90 and (b) 45/135 dual-directional Mof/Al composites measured in longitudinal and transverse directions.
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some severe interface decohesion after the ﬁrst cycle as
shown in Fig. 10(a). However, although matrix yielding
was also expected and the resultant CTE increase also
observed in the 35 vol% composite at temperatures above
250–300 C, no severe interface decohesion occurred after
thermal cycles as shown in Fig. 10(b). Thus, the CTEcurves of the composite in three thermal cycles shown in
Fig. 9(b) almost matched to each other.
The thermal expansion behaviors of dual-directional
Mof/Al composites also varied with the geometry of spec-
imens besides the contents of Mo ﬁbers and the measure-
ment directions (0/90 or 45/135). As shown in
Fig. 11(a), the CTEs of 35 vol% 0/90 Mof/Al composite
1802 L.-G. Chen et al. / Composites Science and Technology 66 (2006) 1793–1802measured in transverse direction (along the short axis of
the specimen) were obviously smaller than those in longitu-
dinal direction (along the long axis). As aforementioned,
the large expansions of the 0/90 composite along the long
axis resulted in a contraction eﬀect and then suppressed the
expansions of the composite along the short axis, thus lead-
ing to the smaller CTEs measured in the transverse
direction. However for 35 vol% 45/135 composite, the
contraction eﬀect resulting from the 0/90 directions
equally acted on the composite in the 45/135 directions,
contributing the same constraints and similar thermal
expansion behaviors whether along the long or short axis.
Thus, both the CTE values of the 45/135 composite mea-
sured in these two directions were similar only with small
diﬀerences below 106/C as shown in Fig. 11(b).
4. Conclusions
The Mof/Al composites reinforced with diﬀerent con-
tents of unidirectional and dual-directional Mo ﬁbers were
successfully processed by diﬀusion bonding at 500 C,
100 MPa in a vacuum of 102 Torr for 10 min. The
mechanical strengths of unidirectional Mof/Al composites
were close to theoretically predicted values. The strengths
of 0/90 dual-directional composites increased with ﬁber
content, while those of 45/135 composites remained rela-
tively low. The CTEs of the unidirectional Mof/Al compos-
ites regularly increased with increasing temperature but
obviously deviated from those theoretically predicted due
to the expansion constraints of the matrix by the continu-
ous Mo ﬁbers. The CTEs of the dual-directional Mof/Al
composites decreased as the ﬁber content increased. With
increasing temperature to about 250 C, the CTEs of the
dual-directional composites decreased close to the values
of Mo ﬁbers because of the expansion constraints caused
by large accumulated thermal stresses. The CTEs of the45/135 composites with more than 25 vol% Mo ﬁbers
were relatively lower than those of 0/90 composites
because a contraction eﬀect acted on the composites in
these directions. At temperatures above 250 C, the CTEs
of the dual-directional composites gradually increased,
attributed to matrix yielding and interfacial decohesion,
especially obvious for 15 vol% composites.
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